Novel magnetic molecularly imprinted composites were prepared through a facile method using sulfadimethoxine (SDM) as template. The inorganic magnetic nanoparticles were linked with the organic molecularly imprinted polymer (MIP) through irreversibly covalent bond. So, the resulted composites showed excellent stability and reusability under acidic elution conditions. The magnetic MIP composites showed good selectivity, high binding capacity and excellent kinetics toward SDM. Adopting the magnetic MIP composites as extraction material, an off-line magnetic solid-phase extraction (SPE)/high performance liquid chromatography (HPLC) method was established. The calibration curve was linear in the range of 0.05 -15 mg kg -1 (r 2 = 0.9976). The LOD and LOQ were 0.016 and 0.052 mg kg -1 , respectively, while the recoveries were in the range of 89.3 -107.0%. These novel magnetic MIP composites may become a powerful tool for the extraction of template from complex samples with good efficiency.
Introduction
Sulfonamides (SAs) are one of the most important groups of antibiotics used worldwide to treat both human and animal diseases. The widespread use of SAs in veterinary gives rise to the accumulation of SA in animal-derived food 1 and the accumulated SAs can enter human body through the food chain, which causes a variety of untoward reactions, such as urinary tract disorders, hemopoietic disorders, and toxicity. 2 The monitoring of trace-level SAs in animal feed can effectively reduce the adverse health effects of SAs residuals from the source. So, effective method for trace-level SAs analysis in animal feed is desiderated. Due to the low concentrations of the target SAs in feed and the complexity of feed samples, an appropriate sample pretreatment procedure is usually necessary for both enrichment and purification prior to analysis by high performance liquid chromatography (HPLC) coupled with ultraviolet (UV), 3, 4 fluorescence 5 or mass spectroscopy. [6] [7] [8] Molecularly imprinted polymers (MIPs) are tailor-made synthetic receptors, possessing high affinity and specificity towards template molecule. [9] [10] [11] The great potential of MIPs in selective solid-phase extraction has been demonstrated, [12] [13] [14] and rapid progress has been witnessed in the past decades. Recently, great effort has been paid to the improvement of binding site heterogeneity to increase binding capacity and/or affinity. Meanwhile, to enhance specific binding of MIPs in pure aqueous media, hydrophilicity enhancement of MIPs is considered as an efficient way to suppress the non-specific binding driven by hydrophobicity. Controlled "living" radical polymerization (CRPs) is a reliable approach to generate more homogeneous polymer structures, 15 leading to better binding parameters in imprinted polymers, such as atom transfer radical polymerization (ATRP) 16 and reversible addition-fragmentation chain transfer (RAFT) polymerization. 17, 18 The "living" group on the surface of MIPs paves a way for further modification by secondary CRPs to functionalize the surface of the MIPs according to requirements. Besides, the grafting of hydrophilic polymer brushes to the MIPs surface is an effective way to improve the hydrophilicity of MIPs, 19 and the polymer brushes show high degree of synthetic flexibility, facilitating the introduction of other functional groups. MIPs prepared by CRPs contain "living" group on the surface, paving a way for direct grafting of hydrophilic brushes on the surface. The CRPs technique coupled with post-modification with polymer brushes by secondary CRPs has been used to prepare various MIP microparticles with tailor-made structure and excellent template binding property in aqueous condition. 16, 20, 21 However, these materials have no additional physical properties to facilitate their separation from sample solution. Typically, tedious centrifugation operation should be adapted, impeding there deep application in rapid analysis.
Magnetic molecularly imprinted materials are powerful tool for selective sample pretreatment. Usually, core-shell structured magnetic molecularly imprinted materials were prepared for the selective separation of target molecules. 22, 23 Magnetic molecularly imprinted composites also been developed for the recognition and separation of target from various matrix. 24, 25 Zhang et al. 24 proposed a facile way to prepare magnetic molecularly imprinted composite, which showed excellent template binding properties even in real biological samples. Magnetic nanoparticles were attached to MIPs through reversible coordination interaction, so loss or reduction of magnetism might be encountered under relatively strong acid environment or the presence of reagents with strong coordination ability. Li et al. 26 reported a one-step method to prepare magnetic and hydrophilic imprinted composites via ATRP at room temperature for selective separation of sulfamethazine. Vinyl-functionalized magnetic nanoparticles were prepared and participated in the polymerization and the magnetic nanoparticles were enwrapped in the MIPs.
Here, we reported the preparation of novel magnetic MIP composites with improved performance.
First, MIP microparticles were synthesized by reverse atom transfer radical precipitation polymerization (RATRPP) using sulfadimethoxine (SDM) as template and post-grafted with poly(glycidyl methacrylate) (pGMA) by surface-initiated ATRP. Then, magnetic and hydrophilic properties were realized in one step through the epoxide ring-open reaction between aminofunctionalized magnetic nanoparticles (A-MNPs) and epoxide group of pGMA brushes. The naked Fe3O4 nanoparticles 24 and resulted hydroxyl groups 27 greatly improved the hydrophilicity of the magnetic composite. Magnetic nanoparticles were attached to the polymer brushes through irreversibly covalent bond, so the resulted composite showed excellent stability and reusability. The binding properties and selectivity of the magnetic composites towards SDM in pure water were evaluated. The magnetic composites were also used directly for selective extraction of SDM from feed samples before RP-HPLC analysis.
Experimental

Reagents and chemicals
Sulfadimethoxine (SDM), sulfapyridine (SP), oxytetracycline (OTC) and marbofloxacin (MF) were from Dr. Ehrenstorfer GmbH (Augsburg, Gremany). 4-Vinylpyridine (4-VP), ethylene glycol dimethacrylate (EGDMA) and glycidyl methacrylate (GMA) were purchased from Alfa Aesar (Tianjin, China) and distilled under reduced pressure. All the other chemicals were of the analytical or the HPLC grade and used without further treatment. Ultrapure water was obtained from MilliQ gradient ultrapure water system (Millipore Inc., MA, USA). McIlvaine buffer solution (pH 4.6) was prepared by mixing 95.85 mL of 0.1 M citric acid with 84.15 mL of 0.2 M disodium hydrogen phosphate for the extraction of SDM from the feed samples.
Apparatus
The HPLC analysis was performed on an reverse-phase HPLC system (Agilent 1200 series, USA), which consisted of an Agilent Quat pump, a degasser, a Rheodyne 7725i sample injection valve and a VWD UV detector. Agilent XDB C18 column (250 × 4.6 mm, 5 μm) was employed for HPLC analysis.
FT-IR characterization was performed with a Tensor-37 FT-IR spectrometer (Bruker Optics, Ettlingen, Germany) in the wavenumber range of 600 -4000 cm -1 under ambient conditions. An attenuated total reflection (ATR) accessory was employed for all IR spectral acquisitions. Scanning electron microscopy (SEM) analyses were performed on a Hitachi FE-SEM S-4800 (Tokyo, Japan). Transmission electron microscopy (TEM) characterization was performed on a JEM-1010 system (JEOL, Tokyo, Japan).
Synthesis of amino-functionalized magnetic nanoparticles (A-MNPs)
The general scheme for preparation the magnetic MIP composite was illustrated in Fig. 1 . The A-MNPs were synthesized according to a previously reported one-step hydrothermal method. 28 First, ferric trichloride hexahydrate (2.0 g) was dissolved in ethylene glycol (60 mL) to form a clear orange yellow color solution. To this solution, anhydrous sodium acetate (4.0 g) was added. The mixture was stirred vigorously (800 rpm) with a magnetic stirring for 30 min to form a yellow suspension. Then 1,6-hexanediamine (13.0 g) was added and the color of the mixture turned to clear red color immediately. Finally, the solution was poured into a PTFElined autoclave completely. Then, the autoclave was sealed and heated at 198 C for 6 h. The resulting magnetic nanoparticles were rinsed with water and ethanol for 3 times each, and then dried at 50 C in a vacuum overnight.
Synthesis of MIP microparticles with surface-immobilized alkylhalide groups
The SDM-imprinted microspheres with surface-immobilized "living" alkyl-halide groups were prepared via reverse atom transfer radical precipitation polymerization (RATRPP) according to a previously reported method with some modification. 21 Briefly, a mixture of methanol and water (30 mL, 4:1; v/v) was added to a 50-mL one-neck round-bottom flask. Then, 4-VP (0.034 mL, 0.32 mmol), SDM (12.5 mg, 0.04 mmol) and EGDMA (0.302 mL, 1.60 mmol) was successively added and dissolved with vigorously magnetic stirring. The mixture was allowed for self-assembly reaction at room temperature overnight. Then, CuBr2 (11.2 mg, 0.05 mmol), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA) (0.021 mL, 0.1 mmol) and azodiisobutyronitrile (AIBN) (24.63 mg, 0.15 mmol) were successively added with stirring and the color of the mixture turned to blue immediately. The reaction mixture was then deoxygenized with nitrogen for 0.5 h and sealed. The flask was then submerged in an oil bath and heated 60 C for 24 h with vigorously magnetic stirring. The as-prepared write products were collected by centrifugation and subsequently eluted with methanol-acetic acid (9:1; v/v) until no template could be detected in the supernatant. Then, the products were dried at 40 C overnight under vacuum. Nonimprinted microspheres (NIP) were prepared under the same conditions, except for the absence of the template.
Synthesis of MIP microparticles with pGMA brushes (MIPpGMA)
The MIP microspheres with pGMA brushes (MIP-pGMA) with reactive epoxide group were synthesized by surfaceinitiated ATRP of GMA from the surface of the MIP microparticles with "living" alkyl-halide groups following the reported method with some modification. 29 In brief, 100 mg of MIP microparticles with alkyl-halide groups was added into a one-neck round-bottom flask (50 mL) and dispersed in methanol-water mixture (10 mL, 5:1; v/v) assisted by ultrasonication for 30 min. Then, GMA (2.5 mL, 19.0 mmol), CuBr (27.25 mg, 0.19 mmol), CuBr2 (8.5 mg, 0.038 mmol), PMDETA (0.080 mL, 0.38 mmol) were successively added with magnetic stirring. The resulting mixture was degassed under ultrasonication and exchanged with nitrogen for 0.5 h. Then, the flask was sealed and immersed in an oil bath at 40 C and stirred for 24 h. The as-prepared products were collected by centrifugation and thoroughly washed with methanol, followed by dried at room temperature under vacuum to a constant weight. The same procedure was applied for the synthesis of non-imprinted microspheres with pGMA brushes (NIP-pGMA), using NIP with alkyl-halides groups instead of MIP.
Synthesis of MIP-pGMA@A-MNPs through epoxide ring-open reaction
Briefly, 100 mg of MIP-pGMA, 200 mg of A-MNPs, 100 mL of ethanol and 2 mL of triethylamine (TEA) was successively added into a 250-mL three-necked round-bottom flask. Then, the flask was sonicated for 30 min for the dispersion of the particles and submerged in an oil bath at 60 C for 24 h with mechanical stirring. After reaction, the products were collected by a magnet and rinsed with water and ethanol for 3 times each, and then dried at 50 C in a vacuum overnight. The NIP composite was prepared according to the same procedure with MIP-pGMA instead of MIP.
Experimental procedure
The static adsorption equilibrium, adsorption kinetics studies and selectivity evaluation were performed to fully investigate the performance of the magnetic composite MIP-pGMA@ A-MNPs. The specific experimental process was described in Supporting Information (Sec. 2).
Determination of SDM in feed samples
An off-line magnetic solid-phase extraction/HPLC experiment was established to determine the SDM in real feed samples. The sample preparation and SPE procedure were described in Supporting Information (Sec. 3).
Results and Discussion
FT-IR characterization of MIP-pGMA@A-MNPs
FT-IR analysis confirmed the successful preparation of the MIP composite (Fig. S4 , see Sec. 4 in Supporting Information).
Equilibrium adsorption and Scatchard analysis
Static adsorption equilibrium method was carried out to investigate the affinity properties of the MIP composite towards SDM. As shown in Fig. 2 , the amounts of SDM bound to MIP and NIP composites increased with the increase of initial SDM concentrations and the amount of SDM bound to the MIP composite was higher than that to the NIP composite, indicating that the imprinted binding sites in the MIP composite causes high binding affinity. The IF (imprinted factor), calculated from the ratio of binding amounts of SDM on MIP-pGMA@A-MNPs and NIP-pGMA@A-MNPs was 1.36 when the SDM concentration was 100 μmol L -1 . Scatchard analysis was performed and the data were plotted according to the Scatchard equation:
where Q is the experimental amount of SDM bound to the composite at equilibrium, [SDM] the free SDM concentration at equilibrium, Qmax the apparent maximum amount of SDM bound to the composite and KD is the dissociation constant. As shown 
Adsorption kinetics
The adsorption kinetics of the magnetic composites was determined at different adsorption time of 10, 30, 60, 90, 120, 180, 240 and 300 min, respectively, with the initial concentration of SDM at 100 μmol L -1
. As shown in Fig. S2 , most of the template was bounded to the composites in 60 min, due to the existence of large amount of empty and active cavities.
Selectivity property of MIP-pGMA@A-MNPs
In order to evaluate the selectivity capacity of MIP-pGMA@A-MNPs, SP, MF and OTC, were chosen as controls. The initial concentration of SDM, SP, MF and OTC were 20 μmol L -1 . As shown in Fig. 4 , the adsorption amounts on MIP-pGMA@A-MNPs were larger or equal to those on NIP-pGMA@A-MNPs. Besides, the MIP-pGMA@A-MNPs showed the maximal adsorption amount for SDM among the four tested compounds, indicating the MIP-pGMA@A-MNPs exhibited high selectivity and affinity toward the template SDM.
Determination of SDM in feed samples
The analytical performance of the off-line SPE procedure based on MIP-pGMA@A-MNPs was evaluated. The calibration curve for SDM was linear in the range of 0.05 -15 mg kg -1 , with the correlation coefficient R 2 of 0.9976. And the limit of detection was 0.016 mg kg -1 (S/N = 3). The potential application of the as-prepared MIP-pGMA@A-MNPs composites as novel SPE materials to real feed samples was evaluated. Two fish feed samples were spiked with SDM at three different concentrations of 0.1, 0.5 and 1.0 mg kg -1 and the results were summarized in Table 1 . The spiked recoveries were satisfied in the range of 89.3 -107.0% with RSD in the range of 3.4 -5.2% (n = 3). As a control, the blank feed sample was also analyzed and no SDM was detected. Typical chromatograms of the blank feed sample and the SDM spiked feed sample were shown in Fig. 5 . These results demonstrated that the MIP-pGMA@A-MNPs composites possessed satisfactory sample clean-up effect 
Reusability evaluation of MIP-pGMA@A-MNPs
The reusability of MIP-pGMA@A-MNPs was evaluated. Five regeneration cycles were performed under the same condition. The absorption percent were 84.3, 83, 80, 79 and 78%, respectively. The loss of adsorption mount toward SDM was around 6.3%, suggesting great reusability and stability of the MIP-pGMA@A-MNPs.
Conclusions
In conclusion, novel MIP-pGMA@A-MNPs composites were successfully prepared, taking fully advantage of RATRPP and surface-initiated ATRP. The prepared MIP-pGMA@A-MNPs composites exhibited good selectivity, high binding capacity and kinetics toward the template SDM in pure aqueous solutions. The MIP-pGMA@A-MNPs composites could specifically concentrate SDM from feed sample with satisfactory recoveries and reproducibility. In addition, the prepared composites showed great reusability and stability, due to the covalent attachment of magnetic nanoparticles to the polymer brushes. These results provide a new potential for imprinting molecules with improved recognition performance.
